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Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) phases were synthesized by arc melting the 
constituent elements and subsequent annealing. The samples were characterized by powder and single 
crystal X-ray diffraction, magnetic measurements, and electronic structure calculations. An interesting 
structural sequence was obtained: cubic MgCu2-type structure for x = 0 and 1/6; MgZn2-type structure for 
x = 1/3; orthorhombic SrMgSi-type structure for x = ½; orthorhombic CeCu2-type structure for x = 2/3; 
hexagonal AlB2-type structure for x = 5/6 and 1. Tight-binding linear-muffin-tin orbital (TB-LMTO) 
calculations were performed on GdCo2, GdCoGa, and GdGa2 to trace the origin of their structural 
transformations, which appear to be driven by the changes in the valence electron count (VEC). In 
addition, some conclusions of these fully stoichiometric compounds were obtained from the rigid band 
model. GdGa2 (x = 1) is antiferromagnetic, while the other ones are either ferrimagnetic or ferromagnetic. 
TC of Gd(Co1-xGax)2 decreases monotonically with the increasing Ga content, suggesting that promising 
room temperature (RT) magnetocaloric materials could be obtained between x = 1/6 and x = 1/3. 
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Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) phases were synthesized by arc 
melting the constituent elements and subsequent annealing. The samples were characterized by 
powder and single crystal X-ray diffraction, magnetic measurements, and electronic structure 
calculations. An interesting structural sequence was obtained: cubic MgCu2-type structure for x 
= 0 and 1/6; MgZn2-type structure for x = 1/3; orthorhombic SrMgSi-type structure for x = ½; 
orthorhombic CeCu2-type structure for x = 2/3; hexagonal AlB2-type structure for x = 5/6 and 1. 
Tight-binding linear-muffin-tin orbital (TB-LMTO) calculations were performed on GdCo2, 
GdCoGa, and GdGa2 to trace the origin of their structural transformations, which appear to be 
driven by the changes in the valence electron count (VEC). In addition, some conclusions of 
these fully stoichiometric compounds were obtained from the rigid band model. GdGa2 (x = 1) 
is antiferromagnetic, while the other ones are either ferrimagnetic or ferromagnetic. TC of 
Gd(Co1-xGax)2 decreases monotonically with the increasing Ga content, suggesting that 
promising room temperature (RT) magnetocaloric materials could be obtained between x = 1/6 
and  x = 1/3. 
 
1. Introduction 
The environmental awareness, which matured in the past few decades, increased our 
efforts towards development of energy-efficient and environment-friendly refrigeration 
techniques. Discovery of giant magnetocaloric effect (GMCE) in Gd5Si2Ge2 showed that 
magnetic refrigeration can be a potential alternative for the conventional vapor-cycle 
refrigeration.1 In the case of GMCE, there is a first-order magnetic transition; the total entropy 
change, which is discontinuous at the transition points, contains both the structural and 
magnetic entropy contributions, and thus is significantly enhanced when compared to a 
conventional MCE. In this light, good candidates for magnetic refrigeration are materials with 
a GMCE. Such compounds should contain magnetically active rare earth or transition metals 
or both. For example, Laves phases with a general formula RECo2 (RE = rare earth) adopt a 
cubic MgCu2-type structure,
2 but exhibit different magnetic properties depending on RE due to 
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the inherent instability of Co sublattice magnetism. For RE = Dy, Ho, and Er, a nonmagnetic Co 
sublattice is turned into ferromagnetic by the RE molecular field upon cooling, i.e. a 
metamagnetic transition is induced by the itinerant electrons.3 The itinerant electron 
metamagnetism (IEM) causes not only a first-order magnetic transition but also GMCE in 
RECo2 (RE = Dy, Ho, and Er).
4,5 On the other hand, a conventional MCE with a second-order 
magnetic transition is observed in other RECo2 compounds.  
For practical applications, magnetocaloric materials with transitions around room 
temperature are the most promising candidates in terms of wide-spread applications and 
economic benefits. However, most of RECo2 compounds have transitions at lower 
temperatures. Curie temperature (TC) of GdCo2 peaks at 400 K for RE = Gd and drops rapidly 
when RE moves away from Gd on both sides of periodic table of elements.3 Replacing Co with 
some nonmagnetic elements in GdCo2 may allow adjusting TC to room temperature. In this 
work, nonmagnetic Ga was chosen to substitute for Co. Previously, a few structures have been 
reported in Gd(Co1-xGax)2 system: 1) cubic MgCu2-type GdCo2 (Fd 3 m)
6; 2) hexagonal 
MgZn2-type structure for GdCo1.333Ga0.667 (P63/mmc);
7 3) orthorhombic SrMgSi-type 
GdCoGa (Pnma)8; 4) orthorhombic CeCu2-type GdCo0.67Ga1.33 (Imma)
9; and 5) hexagonal 
AlB2-type GdGa2 (P6/mmm)
10, suggesting that the structural types change regularly with an x 
interval of 1/6 or 1/3 for Gd(Co1-xGax)2. To explore this system in greater details, 
Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) alloys were prepared in this work.  
Structural transitions can be driven by changes in the valence electron count (VEC) 
and/or geometric parameters. In the case of the Gd(Co1-xGax)2 system, Ga has an atomic size 
similar to that of Co (rCo = 1.25 Å, rGa = 1.26 Å),
11 which minimizes the geometric effects. 
Therefore, the VEC could be a key factor in controlling the structures of Gd(Co1-xGax)2 system. 
In it worth mentioning that the structural transformation in the GdCo2-GdAl2 system were 
rationalized in terms of the VEC and Fermi surface features.12 Since Ga and Al are isovalent 
and have similar atomic sizes (rAl = 1.25 Å, rGa = 1.26 Å),
11 some of the general rules developed 





2. Experimental Section 
2.1. Synthesis 
The starting materials are Gd (99.99 wt.%, distilled grade, Metal Rare-earth Limited, 
China), Co (99.98 wt.%, Alfa Aesar) and Ga (99.999 wt.%, Alfa Aesar) pieces. Alloys with the 
Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) stoichiometries and a total mass of ~1 g were 
arc-melted 3 times to ensure homogeneity. During remelting process, the samples were turned 
over as fast as possible to prevent sample cracking during cooling. The cast alloy buttons were 
split, and then one-half of each button was wrapped in Ta foil, sealed in evacuated silica tubes, 
heated to 850oC at 100oC/hour, annealed at this temperature for 7 days and subsequently 
quenched in cold water.  
2.2. X-ray Analysis 
Room-temperature phase analyses of the cast and annealed Gd(Co1-xGax)2 (x = 0, 1/6, 
1/3, 1/2, 2/3, 5/6, and 1) samples were performed on a PANalytical X'Pert Pro diffractometer 
with a linear X'Celerator detector. The X-ray diffraction patterns were collected with CoKα 
radiation to eliminate the Gd fluorescene associated with CuKα radiation. More than one 
crystalline phase was observed in most of the cast Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, 
and 1) alloys. However, samples with high purity could be obtained by annealing at 850oC for 7 
days. The annealed alloys with x = 0 and 1/6 yielded a cubic MgCu2-type phase. X-ray powder 
diffraction of the sample with x = 1/3 suggested a hexagonal MgZn2-type phase (P63/mmc). 
The GdCoGa alloy contains an orthorhombic SrMgSi-type phase and some MgZn2-type 
impurities. The annealed alloy with x = 2/3 adopted an orthorhombic CeCu2-type structure. A 
hexagonal AlB2-type phase (P6/mmm) was formed in the annealed alloys with x = 5/6 and 1. 
The unit cell dimensions derived from the Rietveld refinement (Rietica program)13 for the 
annealed samples are summarized in Table 1. Standard deviation (SD) for x = 1/2 and 2/3 are 
larger than others phases, which could be related to the impurities. Impurities for x = 1/2 was 
confirmed to be MgZn2-type phases, while no detectable impurities were observed for x = 2/3 




Table 1. Phase analyses from the Rietveld refinement of X-ray powder diffraction for 
annealed Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) 
 
Sample Str. type Sp. group a, Å b, Å c, Å V, Å3 
GdCo2 MgCu2-type Fd 3 m 7.25618(2) 7.25618(2) 7.25618(2) 382.054(2) 
GdCo1.67Ga0.33 MgCu2-type Fd 3 m 7.33059(3) 7.33059(3) 7.33059(3) 393.928(3) 
GdCo1.33Ga0.67 MgZn2-type P63/mmc 5.26670(3) 5.26670(3) 8.50070(8) 204.203(3) 
GdCoGa SrMgSi-type Pnma 7.1522(2) 4.4339(2) 7.0003(2) 222.00(1) 
GdCo0.67Ga1.33 CeCu2-type Imma 4.3684(1) 7.0967(2) 7.4914(2) 232.24(1) 
GdCo0.33Ga1.67 AlB2-type P6/mmm 4.37694(7) 4.37694(7) 3.65559(9) 60.650(2) 
GdGa2 AlB2-type P6/mmm 4.22011(6) 4.22011(6) 4.13423(9) 63.764(2) 
 
Suitable single crystals were extracted from the annealed Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 
1/2, 2/3, 5/6, and 1) alloys. Single crystal X-ray diffraction data were collected on a STOE 
IPDS II diffractometer with MoKα radiation at room temperature. Numerical absorption 
corrections were based on the crystal shapes that were originally derived from optical face 
indexing but later optimized against equivalent reflections using the STOE X-shape software. 
Crystal structures were refined using the SHELXL program.14 Crystallographic data and 
refinement results are summarized in Table 2 and 3. The structures obtained from single 
crystal solutions agree well with the powder X-ray diffraction results. 
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Gd(Co1-xGax)2 x = 0 x = 1/6 x = 1/3 x = 1/2 
Scan mode Omega 
Structure type MgCu2-type MgCu2-type MgZn2-type SrMgSi -type 
Space group Fd 3 m Fd 3 m P63/mmc Pnma 
a (Å) 7.2518(8) 7.3174(8) 5.2593(7) 7.114(1) 
b (Å)    4.4017(9) 
c (Å)   8.490(2) 7.025(1) 
Volume (Å3) 381.36(7) 391.81(7) 203.37(6) 219.98(8) 
calc (g/cm3) 9.583 9.449 9.221 8.632 
Z 8 8 4 4 
Index ranges 
-9 ≤ h ≤ 9 
-9 ≤ k ≤ 8 
-9 ≤ l ≤ 9 
-9 ≤ h ≤ 9 
-8 ≤ k ≤ 9 
-9 ≤ l ≤ 9 
-7 ≤ h ≤ 7 
-7 ≤ k ≤ 7 
-11 ≤ l ≤ 11 
-8 ≤ h ≤ 11 
-6 ≤ k ≤ 6 
-11 ≤ l ≤ 11 
2θ range (°) 9.74 to 57.38 9.66 to 59.80 8.94 to 58.18 8.16 to 72.48 
Meas. Refl. 963 1007 2053 3661 
Ind. Refl. 36 (Rint = 0.0819 39 (Rint = 0.1160) 129 (Rint = 0.0824) 536 (Rint = 0.1156) 
Extinction coefficient 0.0003(2) 0.014(2) 0.015(1) 0.0023(7) 
# of param. 5 6 12 20 
Largest peak / hole (e/Å3) 0.452/-1.259 0.800/-0.432 1.824/-1.370 8.038 /-10.606 
Goodness-of-fit on |F2| 1.384 1.252 1.263 1.165 
R indices [I > 2( I)] 
R1  = 0.0238 
wR2 = 0.0237 
R1  = 0.0110 
wR2=0.0264 
R1  = 0.0280 
wR2=0.0326 
R1  = 0.0749 
wR2 = 0.1321 
R indices [all data] 
R1  = 0.0238 
wR2 = 0.0237 
R1  = 0.0135 
wR2=0.0274 
R1  = 0.0430 
wR2=0.0343 
R1  = 0.1195 
























Gd(Co1-xGax)2 x = 2/3 x = 5/6 x = 1 
Structure type CeCu2-type AlB2-type AlB2-type 
Scan mode Omega 
Space group Imma P6/mmm P6/mmm 
a (Å) 4.3649(9) 4.3719(6) 4.2143(6) 
b (Å) 7.090(1)   
c (Å) 7.482(2) 3.6441(7) 4.1319(8) 
Volume (Å3) 231.54(8) 60.32(2) 63.55(2) 
calc (g/cm3) 8.304 8.070 7.752 
Z 4 1 1 
Index ranges 
-5 ≤ h ≤ 5 
-8 ≤ k ≤ 9 
-10 ≤ l ≤ 10 
-5 ≤ h ≤ 5 
-5 ≤ k ≤ 5 
-4 ≤ l ≤ 4 
-6 ≤ h ≤ 5 
-6 ≤ k ≤ 6 
-6 ≤ l ≤ 6 
2θ range (°) 7.92 to 58.08 10.78 to 57.52 9.88 to 57.62 
Meas. Refl. 1255 629 1127 
Ind. Refl. 189 (Rint = 0.0669) 49 (Rint = 0.0722) 77 (Rint = 0.0485) 
Extinction coefficient 0.0050(7) 0.05(2) 0.062(2) 
# of param. 13 7 6 
Largest peak / hole (e/Å3) 1.479/-1.888 1.327 /-1.403 0.738/-0.785 
Goodness-of-fit on |F2| 1.191 1.529 1.591 
R indices [I > 2( I)] 
R1  = 0.0244 
wR2 = 0.0482 
R1  = 0.0293 
wR2 = 0.0727 
R1  = 0.0111 
wR2 = 0.0581 
R indices [all data] 
R1  = 0.0316 
wR2 = 0.0511 
R1  = 0.0293 
wR2 = 0.0727 
R1  = 0.0120 
wR2 = 0.0603 
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Table 3. Atomic coordinates and isotropic temperature parameters (Ueq) for Gd (Co1-xGax)2 (x = 0, 1/6, 1/3, 
1/2, 2/3, 5/6, and 1).  





1 1/8 1/8 1/8 0.012(1) 
Co1 
16d( 3 m) 
1 1/2 1/2 1/2 0.012(1) 
       
GdCo1.67 Ga0.33 (MgCu2-type) 
Gd1 8a( 4 3m) 1 1/8 1/8 1/8 0.010(1) 
Co1/Ga11 
16d( 3 m) 
0.83/0.17 1/2 1/2 1/2 0.009(1) 
       
GdCo1.33Ga0.67 (MgZn2-type) 
Gd1 4f(3m) 1 2/3 1/3 0.0617(1) 0.009(1) 
Co1/Ga11 
2a( 3 m) 
0.67/0.33* 0 0 0 0.003(1) 
Co2/Ga22 6h(mm) 0.67/0.33* 0.1674(2) 0.3348(5) 1/4 0.009(1) 
        
GdCoGa (SrMgSi-type) 
Gd1 4c (m) 1 0.0110(2) 1/4 0.7025(2) 0.013(1) 
Co1 4c (m) 1 0.1978(4) 1/4 0.0924(5) 0.013(1) 
Ga1 4c (m) 1 0.3232(7) 1/4 0.4233(6) 0.020(1) 
       
GdCo0.67Ga1.33 (CeCu2-type) 
Gd1 4e(mm) 1 0 3/4 0.4541(1) 0.015(1) 
Co1/Ga11 8h(m) 0.33/0.67 0 0.4443(2) 0.1648(1) 0.019(1) 
       
GdCo0.33Ga1.67 (AlB2-type) 
Gd1 1a(6/mmm) 1 0 0 0 0.017(2) 
Co1/Ga11 
2d( 6 m2) 
0.17/0.83 1/3 2/3 1/2 0.037(3) 
       
GdGa2 (AlB2-type) 
Gd1 1a(6/mmm) 1 0 0 0 0.008(1) 
Ga1 
2d( 6 m2) 
1 1/3 2/3 1/2 0.012(1) 





2.3. Magnetometry  
Temperature-dependent magnetization was measured in a 100 Oe field from 300 (or 
350) to 5 K, or 550 to 300 K, in a field-cooled (FC) mode using a Superconducting Quantum 
Interference Device (SQUID) on the Magnetic Property Measurement System (MPMS). The 
maxima in the derivatives of the magnetization with respect to temperature were taken as Curie 
(TC) temperatures. Temperatures of the cusps on the temperature-dependent magnetizations 
were treated as Neel temperatures (TN). 
2.4. Electronic Structure Calculations  
Electronic structure calculations were performed using the Stuttgart Tight-Binding, 
Linear-Muffin-Tin Orbital program with Atomic Sphere Approximation (TB-LMTO-ASA).15 
The atomic sphere approximation uses overlapping Wigner-Seitz (WS) spheres to fill space. 
The WS sphere for Gd ranges from 3.3273 a.u. for GdCo2 to 4.1208 a.u. for GdGa2, Co 
ranges from 2.7167 a.u. in GdCo2 to 2.7561 a.u. in GdCoGa, and Ga ranges from 2.7783 a.u. 
in GdCoGa to 2.5393 a.u. in GdGa2. The symmetry of the potential is considered spherical in 
each WS sphere and a combined correction is used to account for the overlapped spheres. The 
overall overlapped volume for GdCo2 was 6.444%, GdCoGa was 9.531%, and GdGa2 was 
6.315% and no empty spheres were necessary for any of the calculations. The exchange and 
correlation were treated both with the von Barth-Hedin local-density approximation (LDA)16 
and the local spin-density approximation (LSDA).17 All relativistic effects except spin-orbit 
coupling were taken into account using a scalar relativistic approximation.18 The basis sets 
included Gd (6s, 6p, 5d), Co (4s, 4p, 3d), and Ga (4s, 4p). The Gd 4f wavefunctions were 
considered as pseudo-core orbitals with 7 electrons, and were not included into the electronic 
density of states (DOS) and crystal orbital Hamilton population (COHP) analyses.19 Reciprocal 
space integrations were performed with k-point meshes of 145 for the cubic GdCo2, 1053 for 
the orthorhombic GdCoGa, and 793 for the hexagonal GdGa2. 
Structure oOptimizations calculations of atomic structures were performed using the 
Vienna Ab initio Simulation package (VASP).),20,21 VASP which uses projector 
augmented-wave (PAW)22 pseudopotentials that were adopted with the 
Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA), where scalar 
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relativistic effects are included.23 For the structural optimization, tThe conjugate gradient 
algorithm was used with an energy cut-off of 500 eV and 13 x 13 x 13 Monkhorst-Pack24 
k-points meshes. The linear tetrahedron method25 was used for integrations involving the 
irreducible wedge of the Brillouin Zone.  Total energies, magnetic moments (calculated as 
the difference of majority and minority spins), and electronic structure plots were evaluated.  
See the Supporting Information for further details of the results obtained from VASP 
calculations. DOS and COHP curves were calculated using the Local Orbital Basis Suite 
Towards Electronic-Structure Reconstruction (LOBSTER).35,36  
 
3. Results and Discussions 
3.1. Structural Features and Transformation 
 
Fig.1. Crystal structures of Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1). 
 
X-ray diffraction results can be summarized as follows: i) five structures are present in 
the Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) system, suggesting a close relationship 
between Co/Ga ratio and crystal structures (Fig. 1) ; ii) impurities in the cast samples decrease 
with Ga content increasing, which indicates that Gd(Co1-xGax)2 phases are more easily formed 
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at a higher Ga content; iii) samples become pure after annealing except for GdCoGa, which 
contains significant MgZn2-type impurities (13 wt. %).   
Both annealed GdCo2 (x = 0) and GdCo1.67Ga0.33 (x = 1/6) adopt the cubic MgCu2-type 
structure. Diffraction peaks on the powder XRD pattern of GdCo1.67Ga0.33 shifted to lower 
scattering angles compared with that of GdCo2, suggesting an increase in the unit cell 
parameters of GdCo1.67Ga0.33. (Table 1) This is expected because the atomic size of Ga is 
slightly larger than that of Co. Indexing of the Bragg peaks for GdCo2 indicated a cubic lattice, 
isostructural with the Laves MgCu2-type one. There are two independent crystallographic sites 
in the unit cell: Gd atoms occupy the 8a site while Co atoms are on the 16d site. For 
GdCo1.67Ga0.33, Gd atoms are still on the 8a site, while Ga atoms share the 16d site with Co.  
Annealed GdCo1.33Ga0.67 (x = 1/3) adopts a hexagonal MgZn2-type structure, which has 
three crystallographic sites: 2a, 4f and 6h. Gd atoms fully occupy the 4f site, while Co and Ga 
are on the 2a and/or 6h site. However, the Co/Ga occupancy could not be refined due to their 
similar scattering factors. A statistical Co/Ga distribution with the 0.67/0.33 ratio was assumed 
both on the 2a and 6h sites.  
GdCoGa (x = 1/2) and GdCo0.67Ga1.33 (x = 2/3) adopt orthorhombic structures with the 
Pnma and Imma space groups, respectively. As seen in Fig. 1, the orthorhombic structures are 
very similar; in fact the GdCoGa structure is an ordered variant of the GdCo0.67Ga1.33 one. 
There are three 4c sites, occupied separately by Gd, Co, and Ga, in the orthorhombic GdCoGa 
phase. On the other hand, there are two crystallographic sites in the orthorhombic 
GdCo0.67Ga1.33 phase: Gd atoms occupy the 4e site, and Co and Ga atoms share the 8h site. It is 
worth mentioning that it was more difficult to obtain a pure GdCoGa phase then a pure 
GdCo0.67Ga1.33 phase. An impurity in GdCoGa could not be eliminated even after annealing at 
850C for 1 week or longer time. 
GdCo0.33Ga1.67 (x = 5/6) and GdGa2 (x = 1) adopt the hexagonal AlB2-type structure. 
There are two crystallographic sites in the structure: Gd atoms fully occupy the 1a site whereas 
Co and Ga atoms are on the 2d site. Gd atoms form two triangular prisms in one unit cell, and 
Co or Ga atoms are located in the center of these triangular prisms. Increased c lattice 
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parameter and volume were observed for GdGa2, which is due to the larger atomic size of Ga. 
On the other hand, the a lattice parameter decreased slightly. Therefore, the a/c ratio for 
GdCo0.33Ga1.67 and GdGa2 is 1.20 and 1.02, respectively. The abnormal lattice parameter 
change in GdCo0.33Ga1.67 and GdGa2 is probably related to the structural changes.  
As the Ga content increases, the structures change from a “condensed cluster-based” → 
“3D Network” → “2D Network”. The cubic Laves phase has the Co atoms in vertex-sharing 
tetrahedral clusters. In the hexagonal Laves phase, the Co tetrahedra are still present, but now 
they are stacked along the c axis via alternating vertex- and face-sharing motifs. On moving to 
GdCoGa and GdCo0.67Ga1.33, the tetrahedral clusters are lost, but the Co and Ga atoms sit in 
distorted tetrahedral coordination environments. These structures have extended networks of 6- 
and 8-membered rings along with ladders of 4-membered rings. By increasing the Ga content 
even more, the 3D network is converted into the 2D network of the graphene-like sheets of Ga. 
Coordination numbers (CN) of Co/Ga also change for the different types of networks. In the 
cubic Laves phases, Co/Ga has a CN of 6, then changes to the CN of 4 in the 3D network, and 
finally to a CN of 3 in the 2D network. Electronic structure calculations were employed to gain 
some insights about the chemical bonding features and structural variation of the Gd(Co1-xGax)2  
system. 
3.2. Magnetic Properties 
Temperature-dependent magnetization of Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, 
and 1) were measured (Fig. 2). For the Co-free phase, i.e. GdGa2, the magnetic transition 
becomes antiferromagnetic, with a Neel temperature of 20 K, in accordance with the previous 
reported results.26 For other samples, TC decreases with the increasing Ga content, which 
indicates that Ga substitution weakens the magnetic interactions controlled via the RKKY27–29 
mechanism. GdCoGa and GdCo0.67Ga1.33 resemble each other with respect to magnetic 
trnasition: both of them has a sharp magnetic transition at 55 K, but the former has a second 
transition at 148 K, while the latter at 204 K. The apperance of two magnetic transitions 
indicates the presence of impurities in the two samples, which is in accordance with the 
powder X-ray diffraction results. Magnetic transitions of Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 
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and 2/3) are very sharp at TC, suggesting that these samples may have interesting 
magnetocaloric properties. 
 
Fig. 2. Temperature dependence of magnetization for Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 
5/6, and 1) under a magnetic field of 100 Oe. Magnetization for x = 1 is magnified by 20. 
 
3.3. Electronic Structure Calculations 
The structures described above change significantly from densely packed to 
network-type as the Ga content increases in this system. Given the variation in the valence 
electron count, a computational approach was undertaken to shed light on chemical bonding 
features that could be underpinning these changes. At first, just the stoichiometric compounds 
GdCo2, GdCoGa, and GdGa2 were studied, with a more in-depth analysis of various 
nonstoichiometric cases coming in a subsequent report.  For these three compounds, the 
properties studied include DOS, pairwise orbital interactions via COHP curves, formation 
energies, and magnetic moments. An initial comparison was made by calculating the total 
energies per formula unit (eV/f.u.) for each binary compound in each of the three observed 
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structure types, with the results listed in Table 4, and in agreement with the observed 
structures. 
 
Table 4: Total energies per Gd atomformula unit, calculated withusing VASP, of GdCo2 and 







GdCo2 0 +652.40.6524 +0.9021902.1 
GdGa2 +720.40.7204 +145.10.1451 0 
 
In general, the total energies of these models increase as the number of nearest-neighbor 
Co-Co interactions decreases or as the number of nearest-neighbor Ga-Ga interactions 
increases. The largest total energy difference occurs between the cubic Laves phase and the 
orthorhombic SrMgSi-type for GdCo2 because this structural change is accompanied by a 
coordination change around each Co atom from coordination number (CN) of 6 to 4, with 
inequivalent Co-Co bond lengths.  Moreover, GdCo2 in the AlB2-structure type gives the 
highest total energy, most likely due to the Co atoms being just three-coordinate with other Co 
atoms.  
To determine the relative stabilities of the binary and ternary compounds, estimated 
formation energies from the elements or the binary endpoints were calculated for GdCo2, 
GdCoGa, and GdGa2. According to total energies calculated using VASP, GdCo2 is favored 
over the individual elements by 0.3782 eV/f.u.Gd and GdGa2 is favored over its constituents 
by 1.9401 eV/f.u.Gd With respect to Gd, Co, and Ga, GdCoGa is energetically favored by 
1.4132 eV/f.u.Gd, and is also favored over the binary endpoints GdCo2 and GdGa2 by 0.2540 
eV/f.u.Gd.  
To gain an understanding of the chemical bonding features and structural variation in 
Gd(Co1-xGax)2, the electronic density of states (DOS) and crystal orbital Hamilton population 
curves (COHP) were calculated using both the local-density approximation (LDA) and the 
local spin-density approximation (LSDA). DOS and COHP curves were calculated with both 
TB-LMTO-ASA and the Local Orbital Basis Suite Towards Electronic-Structure 
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Reconstruction (LOBSTER)35,36, the latter usesing the output files of VASP. The 
TB-LMTO-ASA code was used due to the ability ofto treating the Gd 4f orbitals as core 
orbitals occupied by 7 electrons,. When the 4f orbitals are treated as core-like so that the 
overlap population analysis focuses solely onconsiders just the valence s, p, and d 
electronswavefunctions of the constituent elements. The results calculated with LOBSTER 
can be found in the supporting information. Overall, the DOS and COHP curves near the 
Fermi levels calculated with TB-LMTO-ASA and LOBSTERboth methods are qualitatively 
similar, but . However, the integrated COHP (ICOHP) values varydiffer between the methods, 
and are most significant  in the case offor GdCo2. ICOHP values calculated using LOBSTER 
vary significantly and provide counterintuitive results. Total energies, magnetic moments, and 
structural optimizations were evaluated using VASP. The results calculated using 
VASP/LOBSTER are included in the Supporting Information. 
 
3.3.1. Electronic Structure of MgCu2-type GdCo2  
Including spin-polarization into the calculation of the total energy of MgCu2-type 
GdCo2 is important because, without it, optimization produces a unit cell that is significantly 
smaller than the experimentally determined unit cell. With spin-polarization the corresponding 
optimization yields lattice parameters and bond lengths that are close to the experimental ones 
(see Table S1 in Supporting Information). 
Previous experimental and theoretical studies of MgCu2-type GdX2 (X = Fe, Co, Ni) 
compounds have shown that the individual Gd magnetic moments are ferromagnetically 
coupled, so Gd was treated in the same way in these calculations.30–32 The magnetic moment 
on each Gd in GdCo2 is calculated by LSDA+U (, parameters set tofor Gd: U = 6.70 eV and J 
= 0.70 eV,37) as 7.405B compared to 7.433B, which was calculated by B. Zegaou et al. 
using all-electron full-potential linear muffin-tin orbital method with GGA+U.30 The magnetic 
moment for Co is calculated as 1.286B, compared with the value of 1.175B reported by B. 
Zegaou et al.,30 and oriented oppositely to that of Gd. Therefore, GdCo2 is calculated to be 








The DOS and COHP curves for GdCo2 are juxtaposed in Fig.3. In the DOS, Co 
orbitals dominate the lower energy regions up to ca. 1.5 eV above EF, and Gd states contribute 
significantly above these energies. In addition, although there are a lot of states around the 
Fermi level, the CoCo and GdCo COHP curve shows overall weak orbital interactions from 
~0.8 eV below to ~0.8 eV above EF for GdCo2. This result suggests that the valence electron 
count can be either increased or decreased without a large structural effect, so that 
MgCu2-type GdCo2 can be readily doped, a chemical effect frequently observed for densely 
packed intermetallics.  
Analysis of the COHP curves, presented in Table 5, shows that the CoCo and GdCo 
interactions contribute essentially equally to cohesion when the coordination numbers are 
included. CoCo interactions are approximately twice as strong as GdCo interactions. The 
CoCo COHP curve shows optimized bonding, i.e., only bonding orbitals filled, at 0.5 eV 
below EF for GdCo2, an energy value corresponding to 19.09 valence electrons per formula 
unit (e/f.u.), which is close to GdFe2. GdFe2 (19 e/f.u.), GdCo2 (21 e/f.u.), and GdNi2 (23 
e/f.u.) all crystallize in the cubic Laves phase structure type. In the CoCo COHP curve for 
GdCo2, 21 and 23 e/f.u. reside, respectively, in nonbonding and slightly antibonding regions. 
Thus, for RE(TM)2 Laves phases, as the valence electron count increases the overall TM-TM 
bonding is sacrificed for RE-TM bonding. (TM = transition metal).  
Table 5. COHP analysis of GdCo2.  
Compound Bonds Distance (Å) #/Gd ICOHP (eV) % ICOHP 
GdCo2 
Co-Co 2.551 6 1.514 49.39 
Gd-Co 2.992 12 0.702 45.78 
Gd-Gd 3.125 2 0.444 4.83 
 
Since GdCo2 and GdCo1.67Ga0.33 have the same cubic crystal structure, a rigid band 
model applied to the DOS of GdCo2 may give some insights of the electronic structure of the 
mixed-site, ternary compound. For GdCo1.67Ga0.33, the VEC = 22.32 e
-/f.u. would place the 
Fermi level in a pseudogap in the DOS curve, suggesting a great electronic stability and the 
reasonability of rigid band model. In the COHP curves, this EF resides at a local point of 
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nonbonding states in the antibonding region of CoCo states and weakly bonding GdCo 
states. Therefore, according to the rigid band model, GdCo1.67Ga0.33 is electronically stable in 
the cubic MgCu2-Laves phase structure. 
Also, these calculations suggest that 23 e-/f.u. is probably the highest VEC that the 
cubic Laves phase structure can sustain in this system before structural transitions occur. This 
argument is supported experimentally as the first transition is observed for the VEC = 23.68 
e-/f.u. (GdCo1.33Ga0.67). The experimental data show that GdCo1.33Ga0.67 adopts the hexagonal 
MgZn2-type Laves phase. The Fermi level corresponding to 23.67 e/f.u. is just below the 
region in the DOS where Gd states start to dominate, and the COHP curves show no 
significant antibonding states. Therefore, GdCo1.33Ga0.67 remains densely packed, but there 
are other factors contributing to its structure that will be addressed in a subsequent paper. 
3.3.2. Orthorhombic SrMgSi-type GdCoGa 
The SrMgSi-type structure adopted by GdCoGa is quite prevalent with numerous 
ternary compounds, such as MgPtGa, CaPtGa, GdPtGa, CaPtGe, and GdPtGe. Fig. 4 shows 
the DOS and the COHP curves, calculated for the experimentally refined structure. One major 
structural difference between GdCoGa and GdCo2 is there are no nearest-neighbor CoCo 
contacts so that the Co 3d band is significantly narrower in the DOS of GdCoGa than in the 
GdCo2 DOS. The Fermi level for GdCoGa lies on the upper shoulder of predominantly Co 3d 
states. Within the various COHP curves, all near-neighbor interactions have weakly bonding 
interactions at EF; in particular, the CoGa interaction is nearly nonbonding. From the COHP 
analysis summarized in Table 6, CoGa interactions dominate the contribution to the total 
integrated COHP, followed by nearly equal contributions from GdCo and GdGa 







Fig. 4. DOS (left) and COHP (right) calculated with LSDA for GdCoGa.  
 
Table 6. COHP analysis of experimental determined and VASP optimized GdCoGa.  
Compound Bonds Distance (Å) #/Gd ICOHP (eV) % ICOHP 
Experimental 
GdCoGa 
Gd-Gd 3.600-3.619 2 0.401-0.294 3.95 
Gd-Co 2.94-3.358 6 0.901-0.587 27.50 
Gd-Ga 3.021-3.120 6 0.767-0.728 25.94 




Gd-Gd 3.470-3.671 2 0.463-0.272 4.26 
Gd-Co 2.813-3.643 6 1.076-0.325 25.47 
Gd-Ga 3.047-3.184 6 0.770-0.648 25.00 
Co-Ga 2.463-2.551 4 2.177-1.724 43.11 
Co-Co 3.198 1 0.372 2.16 
 
A complete structural optimization using VASP converged at a structure that is 
distorted, compared to the experimentally determined one, for which the optimized a and b 
parameters are 0.32% and 0.89% larger respectively and the c parameter is 2.81% smaller 
than experimental values. (Fig.5) Various starting models were constructed (see Table S2 of 
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Supporting Information), including one using data from Sichevich et al.8, all of these 
converged to the same GdCoGa structure. Other compounds that crystallize in the 
SrMgSi-type structure, e.g., isoelectronic DyCoGa33 and CaPtGa34 were analyzed to see if this 
outcome is specific to GdCoGa. Optimization of DyCoGa also created a unit cell with a 
significantly smaller c parameter, whereas CaPtGa converged to a slight shrinkage in the a 
direction along with a small expansion in c (from 7.595 Å to 7.685 Å).  
 
Fig.5. Unit cell and zig-zag chains of “4 member rings” for experimental determined ((a) and 
(b)) and VASP optimized ((c) and (d)) GdCoGa structures.  
 
Total energy calculations were also performed to examine the site preference of Co and 
Ga for their respective Wyckoff 4c sites in GdCoGa. The most energetically favorable 
configuration yields zig-zag ribbons of distorted 4-membered rings with Co and Ga atoms on 
opposite corners of the rings, with Ga atoms on the opposite corners that are farther apart ~3.9 
Å than the other corners (~3.2 Å). In the experimental structure, these “squares” have two 
bond angles of ~86 and two bond angles of ~94. The VASP optimized structure has two 
bond angles of ~79 and two bond angles of ~101. This canting of the “squares” has caused 
the Co atoms on opposite corners to come closer so that some weak Co-Co interactions 
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developed. (Fig. 5) Therefore, when calculating the COHP for the optimized structure, faint 
Co-Co interactions are observed in the structure, which may have some contributions to the 
decrease of the c lattice parameter in the VASP optimized structure. (Table 6) 
However, the weak Co-Co interaction must not be the only reason for such significant 
decrease of the c lattice parameter. The many structural optimizations on both experimental 
and theoretical models lead us to one of two conclusions: either GdCoGa is not fully 
stoichiometric or there is a degree of disorder on the Co and Ga sites. If the compound is not 
stoichiometric and slightly Ga-rich, this would introduce GaGa homoatomic interactions 
which can shorten the c parameter. Having a degree of disorder on the Co and Ga sites can 
also introduce CoCo and GaGa homoatomic interactions. Further details of these 
assessments will be reported in a subsequent paper.  
3.3.3. Hexagonal AlB2-type GdGa2  
The electronic DOS and COHP curves for AlB2-type GdGa2 calculated using LSDA 
are shown in Fig. 6. The optimized lattice parameters are very close to the experimental ones 
(see Table S3 of Supporting Information). The Fermi level of GdGa2 with 9 e/f.u. resides 
on the shoulder of a peak, which is the lower energy limit of a weakly bonding (nearly 
nonbonding) set of states. The COHP analysis presented in Table 7 indicates that the GdGa 
interactions have the largest contribution, due in part to their frequency, followed by the 
GaGa bonds, and then by the Gd-Gd interactions. The Ga atoms form the graphene-like 
sheets, and each Ga has 3 bonds to other Ga in these sheets. There is a pseudogap in the DOS 
corresponding to 9.9 e/f.u., and the center of this pseudogap coincides with transitions from 
bonding to antibonding interactions in the COHP plots for all (GaGa, GdGa, and GdGd) 
interactions. Above 9.9 electrons, the Ga-Ga anti-bonding states are being filled, as a result, the 
graphene-like sheets should become disrupted and be no longer planar as they distort to handle 
a higher electron count. Even though the overall bonding contribution of these sheets is less 
than the contribution of the Gd-Ga bonding, the graphene-like sheets will be disrupted first at 
the VEC above 9.9 e-/f.u. 
 
Table 7. COHP Analysis of GdGa2 
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Compound Bonds Distance #/Gd ICOHP (eV) % ICOHP 
GdGa2 
Ga-Ga 2.452 3 2.508 38.40 
Gd-Ga 3.210 12 0.919 56.28 
Gd-Gd 4.142-4.248 4 0.225-0.296 5.32 
 




Ternary GdCo0.33Ga1.67 is isostructural to GdGa2, but replacing Ga with Co will lower 
the Fermi level of the DOS according to the rigid band model. To count valence electrons in 
GdCo0.33Ga1.67 and estimate its Fermi level in the DOS of GdGa2, Co is assigned a 1 valence 
electron because Ga sites were not assigned valence 3d orbitals for the calculation. As a result, 
the valence electron count for GdCo0.33Ga1.67 is 7.68 e/f.u., and its Fermi level falls at ca. 1 
eV in the DOS. As the COHP curves show, reducing the valence electron count of GdGa2 by 
Co substitution depletes significant interatomic bonding states. The Fermi level estimated for 
GdCo0.33Ga1.67 by the rigid band model falls on a large peak in the DOS, which would suggest 
an electronic instability. Since Co atoms will introduce valence 3d orbitals to energy regions 
near the Fermi level, a rigid bond model applied to the DOS of GdGa2 is inappropriate.  
 
4. Conclusions 
Gd(Co1-xGax)2 (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) phases adopt five structures as a 
function of x value. The structures change from a “condensed cluster-based” → “3D Network” 
→ “2D Network” with an increasing Ga content. In terms of coordination numbers (CN), the 
CN of Co or Ga is 6 in the cubic GdCo2, then reduces to 4 in the 3D network, and finally to 3 in 
the 2D network. Electronic factors appear to be the reason for the structural transformations in 
the Gd(Co1-xGax)2 system. Spin polarization appears necessary for the TB-LMTO-ASA 
calculations in this work, therefore, DOS and COHP were calculated using the LSDA. GdCo2 
adopts a cubic MgCu2-type structure, which could be sustained to the VEC = 23 e
-/f.u. 
Therefore, GdCo1.67Ga0.33 (22.32 e
-/f.u.) adopts the same MgCu2-type structure, while a 
structural transition occurs for GdCo1.33Ga0.67 with VEC = 23.68 e
-/f.u. Although Co-Ga bonds 
are fewer compared with Gd-Co and Gd-Ga ones, they dominate the total bonding in the unit 
cell of orthorhombic GdCoGa. The VASP optimization of the GdCoGa structure generates a 
unit cell with a smaller c lattice parameter, suggesting that GdCoGa may not fully 
stoichiometric or has disorder on the Co and Ga sites. The total energy calculation suggests 
that the optimized structure is favored by 0.08352 eV/Gd. GdGa2 has a VEC of 9 e
-/f.u. and a 
pseudogap at 9.9 e-/f.u. Although COHP data indicates that Gd-Ga bonds contribute the most to 
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the overall bonding, Ga-Ga bonds, which form graphene-like sheets, are fist to break above the 
VEC of 9.9 e-/f.u. Ga substitution reduces the strength of the long-range magnetic interactions, 
which causes TC to decrease with an increasing Ga content. The observed sharp magnetic 
transitions suggest that Gd(Co1-xGax)2 are potential magnetocaloric materials. 
 
Supporting Information 
Comparison of experimental and optimized results of GdCo2, GdGa2, and GdCoGa, etc.  
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